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A high-current. high-power X-ray Free Electron Laser (FEL) using the Stanford 
linear accelerator (SLAG) as an electron beam source has been proposed. Such a 
system will provide the scientific community with its fi rst rea~stic X-ray laser. One 
dramatic use a hard X-ray laser light at the proposed wavelength 01 1.5 Angstrom 
would be to image DNA base-prurs [7) 
With an accelerator already in place. the major cost of developing the SLAG 
system would be in the manufacturing of the undulato!". The cost in building an 
undulator is proportional 10 its length. This thesis usss numerical simulation to 
evaluate the effectiveness of an FEL klystron in order to decrease Ihe 19r1gth of the 
undulator with a dispersive section 
Simulations show that the quality of the electron beam injected into the undulalor 
can greatly effect the ability of an FEL to p"oduce coherent light, and is a factor in 
determining the length of an undulator needed for saturation. In the high-gain FEl 
(such as p"oposed al SLAG). a dispersive section is sensitive to energy spread and 
may adversely affect the gain of the system. For moderate to low energy spread. it is 
found that a klystron is useful in shortening the undulalor length 
By examining how the strength of a klystron dispersive section affects the gain of 
a high-current system. we deterrrine a critical strength above which the klystron can 
be detrimental. A dspersive section that is either 100 strong or not strong enough will 
result in less than optimum gain. or an increase in the required length of an undulator 
Single-mode. phase-space simulations are used to investigate the effect on 
electron bunching and the onset of saturation Longitudinal multimode simulations 
show the resulting coherence development 
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I. INTRODUCTION 
With the present world turmoil. the political and economic structure of current 
nalions has made it easi er for the Third World nalions or even small factions of 
terrorist organizations to obtain state-of-the-art weapons. The advances in technology 
as wet! as hardening of modern day missiles has driven present day ship self-defense 
systems obsolele. The time required to track, engage, and ensure destruction of 
incoming weapons has decreased to seconds. Present day defense systems can no 
longer protect ships adequately. 
The present day ship self-defense system is a layered system thai rel ies on long 
and medium range missiles for long distance engagements . A ship's gun and shon 
range missiles such as RAM and SEA SPARROW afe for missiles '':'at get through the 
long range defenses and are al a medum range. The liMI and most crucial system in 
the layered defense is the Phalanx Close-in-Weapon System (CIWS), for close in 
missiles threats, All of these systems except for CIWS, are not always available to 
every platfOl'm. Even it the outer defense systems are available, the detection and 
engagement of these incoming missiles at long ranges have beoome dfficult with the 
design of sea skimming and low, slow flying missiles. The present self-defense 
systems must also overcome a large scale attack with multiple weapons being fired 
upon them simultaneously. A ship's ability to protect itself against such an attack is at 
present unrealistic. 
CIWS has a reijabie detection range of about 5000 m and an effective 
engagement range of less than 2000 m. A typical missile requires numerous hits from 
CIWS babe it is destroyed. Wi th the missiles traveling at speeds up to and greater 
than mach 3, the range that CIWS actually ki lls the missile is much closer than the 
2000 m engagement range. Typically, the actual kill range is around 600 m. If CIWS 
is able to destroy the missile, fragments from the missile are still targe enough and 
trave~ng with enough momentum to reach the ship and create significant damage. If 
the incoming missile is designed to maneLNer once it is in close range of its targel, a 
CIWS would have to slew its gun barrels causing the rounds to be off target until the 
missile stabilizes and the CIWS is locked on again . The time that a CIWS round 
travels to reach the incoming missile also adds to the decreasing range problem It is 
evident the technology of missiles has outgrown Ships' self-defense systems. 
There is need for a speed-of-light weapon which can reach farther than CIWS 
and kill an incoming missile faster, so as to allow for multiple threat engagements. To 
kill an incoming missile with a laser, the power required on the surface of the missile is 
dictated by the Fluence, F =- PAllA [11. Fluence (in Jlcm~, is the common measure 
of "hardness" of a missile. It describes the amount of energy absorbed by the 
missile's skin. A moderately hardened missile might require a fluence of 10 kJicm 2 
[11 A spot size A ., 5.0 cm2 is achieved at a range R == 5.0 km, wavelength 
J\. == 3.8 microm, with a laser aperture of 0 = 1.5 meters, where 
(1.1) 
P is the power received at Ihe missile and ilt is the dwell time required to kill the 
missile. For a 0.1 second dwell time, the total power to destroy the missile is 
approximately P = 500 kW. The ship's weapon must emit greater power than this to 
overcome aerosols at sea level over the distance it travels. The power transmitted 
through the atmosphere decreases exponentially as P{z) = Poe----o.z , where 
a .. 5 x 10-2 km-1 is the extinction coefficient for a wavelength of A _ 3.8 microns, Po 
is the initial power at the source, and z is the range to Ihe target. At a range of 20 km 
the power required at the source is about 1.4 MW or greater. This amount of power 
has been achieved with chemical lasers. The minimal amount of time, ranging from 
microseconds to seconds, that the missile will travel while the laser is locked on, 
greatly decreases the closing distance the missile travels to only meters. This is a 
significant difference compared to the distance the missile ck)ses in on its target 
before a CIWS obtains a kill, and it is performed at a range that is much greater than 
Ihe engagement range of CIWS. The laser's speed to target also helps to reduce the 
closure distance. The range at which the missile is hit, even if not destroyed but 
damaged, is sufficient to prevent the incoming weapon from ever reaching it's target. 
A Free Electron Laser (FELl has many advantages over conventional lasers in 
producing high power outputs. Conventional lasers of sufficient power use dangerous 
chemicals that are difficult to store and are partially depleted with every firing of the 
laser. The depletion of the source for lasing then limits the number of times you can 
fire, and lhe number of incoming missiles that can be engaged. An FEL's power 
source is the electrical power from the ship, which is degraded only if the ship is 
already badly damaged. The FEL is tunable over a wide band of frequencies. That 
allows you to compensate for atmospheric conditions and concentrate the light spot on 
the inbound missile 
The Free Electron Laser has other significant uses that can be exploited by the 
military . other than ship's self-defense. There are many uses in medicine such as 
DNA mapping and X-rays. Target tracking and identifying can be enhanced with a 
tunable laser. Ideally, the burden of research and development can be shared by 
civilian and mi~tary ensuring continuous upgrading and oll-the-shelf products. 

II. BACKGROUND 
A. FEL THEORY 
There are !wo major requirements lor a FEL to produce emission: a relativistic 
electron beam supplied by an accelerator, and an undulalor with a spatial periodic 
magnetic fie ld [2]. The FEl creates coherent, monochromatic light by accelerating 
relativistic electrons in the transverse direction. The periodic magnetic field from the 
undulalor exerts a force on the relativistic electron beam as it passes through the 
undulator causing the electrons to "wiggle" in the transverse direction. The electrons 
are accelerated from side to side causing them to spontaneously emil light in a 
forward cone along the electron beam axis. To 0011001 a fraction of the spontaneously 
radiated electromagnetic field, mirrors are placed on the beam axis beyond both ends 
of the undulator creati ng an optical cavi ty, The coupling created by passing the 
electron beam through the stored electromagnetic fie ld causes stimu~ted emission 
As a result, the optical field grows and coherent light is produced from the FEL [2}. 
The electrons are traveling relativistically with energy ymc2 prior to entering the 
undulator, where m is the electron rest mass and c is the velocity of light. The 
lorentz factor of the electron is Y"" 1~, where B'" vIc and v is the magnitude of 
the electron velocity. Upon entering the undulalor, a force from the magnetic field acts 
upon the electrons causing the electrons to move back and forth in the transverse 
direction. 
The optical field properties can be controlled by controlling the parameters of the 
undulator. An undulator can be of different designs using either permanent magnets 
or electromagnets with either ~nearly or circularly polarized magnetic fields producing 
linearly or circularly polarized light. The strength of the magnetic field determines the 
magnitude of deflection 01 the electrons and therefore the electron z velOCity. Varying 
the electron z velocity (i .e. varying the electron energy) makes an FEL tunable over a 
large range of wavelengths. The undulator parameter, K - eB"4/2rtmc2 , where B is 
the root-mesn-square (rms) value of the undulator magnetic f ield. characterizes the 
undulalor's magnetic field strength. In a ~near undulalor B = BI.f2. because of non-
constant acceleration. while in a he~cal undulator B '" B. because of the continuous 
acceleration, where B is the peak magnitude of the undulator magnetic fiek::!. 
While the quantum mechanical approach shows that the emission of a photon 
causes a recoil in the electron, a classical approach to the FEL theory neglecting recoil 
can be used because the energy loss is small. The ratio 01 energy lost with electron 
initial energy is on the order of 10~J It requires many such emissions to create an 
effect that would be significant. due to the high energy of the electrons_ With the 
optical beam, the photon density is so great that the statistical fluctuations of the 
optical beam can also be ignored [11 ]. 
The classical approach describes an electron wiggling and emitting light while 
transversing the undulator's magnetic fields. The light is emitted along the electron 
beam axis into a forward cone. Figure 2.1 (4] shows the interaction between electrons 
and the optical field. It shows that the optical electric field acting on an electron will 
take energy away from an electron. To accomplish this transfer of energy the optical 
field and the electron must have the correct relative phase. The spread of electron 
phases in comparison to the optical field causes some of the electrons to take energy 
from the optical field when they are out of phase. The electrons then fonn bunches 
over the optical wavelength. The end result is that coherent light is formed from these 
electron bunches. 
As mentioned, unlike classical lasers where coherent light is produced by 
electrons transitioning from one quantum state to another, the FEL produces light by 
the interaction of a relativistic electron beam and external forces. The FEL is then 
able to generate coherent light at tunable frequencies depending on the undulator 
parameter K. As Ihe electrons are relativistic the, undulator wavelength A.a is Lorentz 
contracted to 1.. '0 '" ~y in the electron beam frame. The optical field passing over the 
electrons is Doppler shifted to a wavelength A' = (1 + ~z)yA =: 2yA, where A is the 
optical field wavelength in the lab frame [3]. To have sufficient energy exchange 
between the electron and the optical field a condition of resonance must occur, 
A' '" %. in the beam frame. In the undulator frame 
",(1 + 1<') 
A-~. (2.1) 
By evaluating Eq. 2.1, it is apparent that an FEL can be continuously tuned by 
changing either the electron energy ymc2 , the undulator's magnetic field strength B, or 
the undulators wavelength A.a- The undulator can also be designed to compensate for 
the falling out of resonance by the electrons while they give up energy. By changing 
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Figure 2-1 Fundamental physics of the FEL interaction 
~ through the undulator the electron can be kept in phase with the optical field longer 
This is called tapering the undulator, which increases the efficiency of the FEL 
B, ELECTRON DYNAMICS AND THE PENDULUM EQUATION 
The individual electron's motion inside an undulator is described by solving the 
classical equations of motion, The Lorentz force is the only significant force acting on 
an electron traveling down the length of the undulator [3] In the presence of the 
undulator and optical fields, the Lorentz force equations are 
~ "" ~ [E', + tx(l1, + Bul] (2.1a) 
'!F'~I~ E,I 12.1b) 
y-2 "' 1_(~.j3) , (2.1c) 
where "It .. Vic is the electron normalized velocity vector The magnetic field of a 
he~cal undulator Bu is circularly polarized and is given by 
Bu - B [cos(koZ), sin (koz), 0] , (2.2) 
where the undulator wave number ko " 2n/t..o> and Z is the direction of the undulator 
axis. The optical electric and magnetic fields are assumed to be circularty-polarized 
plane waves and are given by 
r;, .. E [cos(w), -sin(w), 0] , Br .. E [sin(w), cos(\f), 0] , (2_3) 
where E is the optical field magnitude and w = kz + rut + q.. The optical wave number 
is k '" 2Tt/'A., the optical frequency is Ul - ck, and, is the phase of the optical wave. 
Substituting the undulator magnetic field Eq. 2.2 and the optical wave 
electromagnetic fields Eq. 2.3 into the Lorentz force equations Eq. 2.1 ,they become 
~t ("rl3'J = ~~ [E(2-{lz)(COS(IV),-sin(IV),0) + t>z B(-sin (koz), cos(koz), 0)] (2.48) 
3i(Y ~z)'" ~ [E(r)xcos(\f) - I3ysln(",)) + B (f3xsin(koz), - tlycos(k~)] (2.4b) 
(2.4c) 
where tl = (13", f3y , 0). As the electrons travel down the undulator in the z direction 
they are acted upon by a transverse torce from the optical electric and magnetic fields 
and the magnetic field from the undulator. The force from the optical field is 
proportional to E (1 - i3z) while the force from the undulator magnetic field is 
proportional to f\ B . For a relativistic electron i3z --) 1, so 1 - i3z --) O. Therefore, we 
can assume E (1 - 13 ... ) < B f3z. The force acting on the electron in the transverse 
direction is mainly due to the undulator magnetic field. Equation 2.4a can then be 
approximated as 
(2.5) 
On integrating Eq. 2.5, the electron's velocity in the transverse direction is found to be 
1)'1 - -~[COS(koZ) ' sin(koZ), 0] , 
where K .: eB)-oI2rrmc2 - eB/komc2 is the undulator parameter 
(2.6) 
Examining the transverse and longitudinal motion of the electron as it travels 
down the undulalor, it is noted that the transverse motion is small, I'll :::: K/y« 1. 
Inserting Eq. 2.7 into Eq. 2.5c gives th9 electron energy evolution, 
(2.7) 
where the dimensionless eleclron phase in the combined undulator and optical fields is 
~ + ¢ .. If + kr;,Z ., (k + kO>z - wi + o. The inilial value of the electron phase is 
qO) '" ~() = (k + ko)zo. Since k >ko then ~o 0:: kzo'" 2rr.zrl A, when y» 1. The 
electron phase ~ determines the electron's z position relative to a single optical 
wavelength A By using Eq. 2.1c and inserting ~I in Eq. 2.6 gives 
(2.8) 
(1 + 1(2}y-2 ,. t - 13/ . (2.9) 
Then. take the time derivative of both sides 
_2y-3';' (1+1(2) = -2i3z~z (2.1 0) 
which relates y to 6z as 
i _ i~.~. 
y - (1 + 1(2) . (2.11) 
Taking the first derivative of the electron phase ~ gives 
t ,. (k + ko)i - ro = (k + ko)cflz - (I) , (2.12) 
and a second derivative gives 
t == (k + ko)c~ ... (2.13) 
By using Eq. 2.11, and Eq. 2.13. and the reSOF1Clnce condition 
i~,( "---'l't "( 
(1 + l{2)(k + ko) m(1 + 1{2) 2000 (2.14) 
where (1)0 '" m(1 + i(2)I2.->/- The electron's equation of motion Eq. 2.7 can be combined 
with Eq. 2.14 to give 
(2.15) 
Define the dimensionless time ""[ '=' ctlL where L is the length of the undulator to 
make the equation of motion , Eq. 2.15, dimensionless. As an electron passes through 
the undulator, ,_ a --> 1. The dimensionless optical field is defined as a '" la Ie'. , 
where lal _ 41f.NeKLElrmc2, and N is the number of periods in the undulator. The 
pendulum equation can be written as 
~o - ~ - Ial cos(~+~) , (2.16) 
where F is the second derivative with respect to " ~ is the first derivative with respect 
to " and the dimensionless electron phase velocity is defined as 
v _ L [(k + koli3z - kJ. When V " 0, the eleclrons are at resonance with the optical 
wave alld 'A - ~(1 + i(2{2r). Changes ill the electrolls' energy correspond to giving 
or takillg energy from the optical wave. As the electron decreases its energy. its 
phase velocity decreases and it gives up energy to the optical wave The maximum 
ellergy loss of the electron occurs when C + , = 1"1 
c. THE FREE ELECTRON LASER WAVE EQUATION 
The developmellt of a complex optical wave equation starts from Maxwell's wave 
equation acting on a vector potential it(r,t) driven by the current density 1 .. , 
v2_...L L] ;(z.t) - -.±:!.; , (2.17) 
, c2 at2 c .. 
10 
A'(z .t) ""-; E(z .l) (Sin{kz - wI +$(z.I)). cos(kz -wi +o(z .t)). 0]. (2.18) 
and the electric fiek! ~ is 
~ _ E(z .I)(cos(kz - wi + $(z .1)). -sin(kz - wi + Q(z .1)) . 0] . (2.19) 
where 
12.20) 
Since the wave is traveling only in the z direction the Maxwell wave equation 
operator then is 
u2 1 (jl 
az2 - -;f af2 (2.21) 
Taking the first derivative of the vector potential X with respect to z gives 
¥Z -~*(Sin('lI). cos(..,). 01 + t (k + ~] CCOS(\f). -sin(\f). 0]. (2.22) 
where \f = kz - wi + •. and e/w _ 1/k. Taking the second derivative with respect to z 
gives 
r?X .. .!. EE: [k + .at](COS{\f) . - sin{\f). OJ 
uZZ k uz uz 
1 rJl E . 1 uE [ at· 
+ k~ [sm(\f) . COS{\f). OJ + k JZ k + Jz J{COS(\f) . -sin{\f). 0] 
+ t ~z: (COS{\f). -sin(,v), 0] + f(k + ~)2r_Sin{'v). --cos(..,). 0] (2.23) 
Assuming slowly varying amplitudes and phases where aE/az « kE . oq./uz «M. 
uElar c: OlE , at/at« w+, and w . ke allows us to use only first-order terms and 
simplify Eq. (2.23) to 
a2A' '" 2 ¥[COS{..,). -sin('V), 0] + E[k + ~]2[_Sin(\f)' -cos(\f). OJ. (2.24) 
uz2 oZ k uZ 
By expanding 
(2.25) 
knowing (a$!az)2 ~ a$/az, and putting Eq. 2.25 into Eq. 2.24, it becomes 
~:~ '" 2 "* [cos('v), -sin(IjI), 0] + [k E + 2 E ~] [- sin(w), --cos('V), 0] . (2.26) 
The time derivative portion of the Maxwell's wave equation operator is 
7 ~A' = 7 ~';E Isin(w), coS(IjI), 0] . (2.27) 
Taking the first derivative with respect to lime gives 
ft [E (sin(IjI), cos(IjI), 0)] '" ¥r (Sin('V), cos(IjI) , 0] 
+ E [-m- -W] (cos(IjI). -sin(IjI), 0] . (2.28) 
The second derivative gives 
a2; [sin(IjI), cos(w). 0] = ¥[~ -oojCOS(W)' -sin(IjI), 0] + d2~[Sin(IjI), cos(IjI), 0] 
at ut ut Jt 
+ ¥r [%} - 00] [cos(IjI), -sin(IjI), 0] + Ef,t.[COS(IjI) , -sin(IjI). 0] 
+ E [~- - 00] 2[-Sin(IjI), --cos(IjI), 0] (2.29) 
Again, assuming the slowly varying amplitudes and phases allows us to neglect all but 
first-order terms, so Eq. 2.29 becomes 
J2;t :; -2 c E£[cos(IjI), -sin(IjI), 0] +..£ E [~- - (I)j 2[_Sin(,V), --cos(IjI), 0] (2.30) 
Jt 2 at 00 uf 
By expanding 
(2.31) 
again knowing ([)qI/iH)2 ~ d$/dt, we put Eq. 2.31 into Eq. 2.30 and it becomes 
~2: :; -2 c ¥t[COS(IjI), -sin(IjI), 0] + c (ro E - 2 E ~)[-Sin(IjI), --cos(IjI), 0] (2.32) 
Putting Eq. 2.26 and Eq. 2.32 into Eq. 2.17 gives 
12 
w h9f"e the unit vectors are tl z [oo5(~ ), si n(~ ), 0] and t2 = [-sin(~), -cos(~), 0] We 
also know Eq. 2.33a is a multiple at the current density in Eq. 2.17 so 
- ~J '" 2 [~ + ! ~l E + 2 E [~ + ! it] ~ . 
c J azcat 1 azcat q (2.33b) 
To solve tor the time variation of the field envelope make the change of variables 
z ----t Z - c t . Then 2 - z + c t where the undulator length L = N'A,;, N is the number 
of periods, ~ is the wavelength of the unduJator, and 1 = ct/L is the dimensionless 
time By making the change of variables. we change the partial derivatives, 
(2.34) 
ood 
Putting Eq. 2.34 and Eq. 2.35 together simplifies the d tlerentiaJ operator to 
*+~ft"T* . (2.36) 
Making the substitution Eq. 2.36 into Eq. 2.33b and projecting onto tl gives 
- ~11 ·tl=2.z* (2.37) 
Doing the same to Eq. 2.33b but projecting onto £'2 gives 
- 71"~"2Et* (2 .38) 
The current density for a single electron is 11 = - ed(. The electron trajectory 
will be found to be i1l '" - (K/Y) [OO5(koz), sin(koZ), OJ, so thai 
J .. '" e~K [OO5(koz) , sin(koz), 0) , (2.39) 
wh9f"e y .. l r .f1 - v2/c2 , v is the velocity of the electron, ko is the undulator wave 
numb9f" 2Tt/~, and the undulator parameter is K = eBlmkoc 
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Inserting Eq. 2.39 and the value fortl into Eq. 2.37 gives 
~ = - 2:rr.~9K [cos(koz), sin(koz), 0] [cos(\II), sin(\II), 0] (2.40) 
On performing the dot product, Eq. 2.40 becomes 
* = _ 2rt~eK cos(~ + 41) , 
where the electron phase is ~ ., (k + ko)z -()It 
(2.41) 
The wave equation Eq. 2.41 is for a single electron. The average value over 
many electrons gives 
*,., _ 2rtL;KP <cos(~ + 41» . 
where p is the electron particle density and 
<cos(~ + tit» = ~ COS({i + q, i) 
i.IJ Ng 
Similar manipulations of Eq. 2.38 gives us 
* = _ 2TIL;K P <sin({ + 41» . 
The complex electric field is E = lEI e/ " and 
~ ,., ~e; t+ i I E I ~ei* . 
a"t itt itt 





*"., _ 2"TlL;Kp [<cos({ + ~» _ i <sin(~ + ~»] e' ~ , (2.46) 
which is also 
(2.47) 
From the pendulum equation, we know that our dimensionless optical wave field 
is a = la l e ; t, where la l '" 4rtNKLel E l/rmc2, so thai 
(2.48) 
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The dimension less current is i = Srf-e?' pNI('2L ?/Ymc?. Which leads us to the 
Free Electron Laser optical wave equation 
(2 .49) 
Looking at the real and imaginary parts of Eq. 2.49, you have 
18 1 _ -j <COS({ + ~», ; = ~ <sin(1; + $» , (2.50) 
where la I is the optical field amplitude and ~ is the optical field phase Equation Eq 
2.50 shows that bunching of electrons in phase at ({ + 41) '" n drives the optical wave 
amplitude and produces a gain. while bunching electrons around (' +~) '" 7'}2 will 
drive the optical phase. Increasing the electron beam current density j will increase 
gain and optical phase evolution. The optical fields increase in magnitude will reduce 
the effects of the electron phase evolution. 
D. LOW GAIN FEL 
The Maxwell-Lorentz (standard classical. i.e. non-quantum dynamics) theory for 
an FEL can be formed by combining the simple pendulum equation, Eq. 2.16. and the 
optical wave equation. Eq. 2.49. The strength of the dimensionless current density j 
governs the coupting between electrons and light It determines the response of the 
optical wave to the bunching of electrons in phase ,. The Maxwell-Lorentz theory is 
generally valid for both weak (Ia I c:: rc) or strong (Ia I :> n) optical fields [5] 
From the pendulum equation, Eq. 2.16, it is evidenl that the electron energy loss 
is greatest when the electron bunch is at , + ¢> = n, which provides for the maximum 
gain in the optical f ield. As the electron bunch moves toward, + ~ = 0, over-bunching 
occurs and energy is absorbed back into the electron beam 
Maximum coupling between the optical field and the electron beam occurs when 
the initial electron phase velocity is at resonance, Vo = 0 [6]. A "realistic" beam of 
monoenergetic electrons will enter the undulator with a random spread in phase ,. 
There will be just as many electrons gaining energy from. as losing energy to. the 
optical field, resulting in zero gain. To achieve a useful gain, the electrons must have 
a velocity sl ightly above resonance so that more electrons give up energy than absorb 
it in an exchange with the optical field 
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To understand the operation of an FEL, it is useful to examine the evolution of 
the electrons as they move through phase space (C,v) . The path in phase space for 
each electron is dependent on the initial values of Co and Yo. A low-gain FEL 
produces an electron phase-space path that can be represented by a simple 
mechanical pendulum [3], and is shown analytically by 
v2=v02-2Ial[sin{C+$)-sin{~o)] . (2.51) 
By examining Eq. 2.51, we can note that there are fixed points, (n/2. 0) and (3nJ2. 0), 
where the pendulum does not evolve. The electrons near these phase space points 
evolve slowly. The electrons that are at the stable fixed point (nf2, 0) correspond to a 
pendulum at the bottom of its arc. The electrons with a large phase velocity 
'vl ;. 21a 1112 are in an open orbit. This would correspond to a pendulum swinging in 
one direction continuously about its pivot point. An electron in a closed orbit is like a 
pendutum swinging with a small amplitude oscillating about the stable fixed point. A 
change in $ would cause a change in the horizontal position of the pendulums fulcrum 
The phase-space path that separates the open and closed orbits of an electron is 
called the "separatrix" and is given by 
v/ '" 2Ial(l--sin(Cs + 1\1)] . (2.52) 
The separatrix has a peak-to-peak height of 4Ia l'l2. Its horizontal position depends on 
the optical phase $. As the optical field grows, so does the separatrix height 
Since the electron's evolution in phase space is periodic over each optical 
wavelength A, the interaction in an FEl can be modeled by tracking sample electrons 
over one wavelength. Figure 2-2 is an example of a phase space plot with low current 
j ", I, a moderate optical field strength of lal ,. 4, and an electron phase velocity of 
vo" 2.6. 
The electrons enter the undulator at "t = 0, in a uniform distribution of initial 
phases, (0 " - n/2 --t 3nJ2. The electrons then interact with the optical field of 
strength 80 = 4. The initial electrons are displayed as light gray dots. As they evolve 
through the undulator they become darker until they become black dots at the end of 
the undulator. "t = 1. The electrons to the left experience an increase in phase velocity 
which causes them to move to the right. while the electrons to the right experience a 
loss of energy and decrease in phase veloCity. This produces a spatial bunching 
observed near phase ( _ n at l '" 1. so more electrons are giving up energy than 
taking energy away from the optical field. There is a limit in the process of energy 
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j = l 3 0 =4 "0=2. 6 N=1 00 
Rgure 2-2. Phase-space plot for electrons entering with Vo .. 2.6. 
exchange where the electrons have given up so much energy lhat their phase and 
phase velocity cause the electrons to start absorbing energy back from the op~cal 
field. An undulalor's length can be designed to prevent the electrons from reaching 
this stage. 
The optical gain is defined as the fractional increase in optical field power over 
time l, 
(2.53) 
Gain is pictorially d splayed in the upper right graph of the phase space Figure 2-2. 
The electrons in the beam are assumed to be uniformly dslributed in phase to and 
have the same iritial phase velocity vo. A change in electron energy corresponds to a 
change in electron phase velocity. The average energy lost by an electron is 
ymc 2(<v:> - vo)/4nN . The energy lost by the electron determines the optical gain to be 
G ,. 2j(vo - <V»/802 [3J. The phase velocity average is found by expanding the 
pendulum equation. Eq. 2.16. The small signal gain equation becomes [3] 
(2.54) 
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II the phase velocity is lar away from resonance, IVo l "", the linal gain at t '" t will be 
small. Optimum coupling, resulting in maKimum gain. occurs when IVol '$ n The 
nalural gain bandwidth lor an FEl is derived from the relation ,""vo Z 4rrN Arly. The 
nalural gain bandwidth is 
I !;II =-'--y 2N (2.55) 
An FEl gain spectrum and optical phase shift is plotted in Figure 2-3, lor a weak 
field 80 "" I , low current j '" 1, and the initial phase velocity between the interval 
- 12 ~vo s; 12. The gain curve is antisymmetric about Va with maximum gain al 
Vo"" 2.6. 
Figure 2-3. Weak-field, low-gain FEL gain spectrum and op~cal phase shift plot 
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E. ENERGY SPREAD 
The previous section dealt with a perfect beam where the electrons were 
uniformly distributed over the opbcal wavelength with the same initial energy. This is 
not achievable, since there is a trade-off between electron beam quality and current 
density. Increasi ng current 1 tends to decrease beam quality from the accelerator. 
while increasillg the length of the undulat()( by increasing N increases the FEl's 
sensitivity to beam quality because the natural gain bandwidth is narrower. Where the 
natural gain bandwidth is defined as the range of phase velocities where the growth 
rate is reduced by 10 % below its peak value [3]. 
There are two quali ties that describe electron beam quality : the electron beam 
energy spread, l1yty, and emittance, £. Electrons with same initial phase ~ . but 
different phase velocities wi ll drift apart on the z axis [6]. At the end of the undulator 
their final phase a fference is roughly o.~ '" o.n , where T '" I, for each electron . It is 
apparent, for a change in initial energy o.ymc2• there is a corresponding change in 
electron phase velocity , o.v '" 4nNAy/y. A Gaussian distribution of energies with an 
rms spread . o.y/y, is characterized by standard deviation O"Q '" 4nNAy/y. When 
0 G '" n, bunching becomes impaired [6]. Typical energy spreads from an accelerator 
are on the order of o.y/y ::: 0.001 . 
Emittance, £ , is the average angular spread times the average beam raaus , 
E '" ra , where r is the average beam radius and a is the average angular divergence 
of the electron beam. The normalized eminance, En .. F:"f " (By. is a measLXe for beam 
quality. As the electrons are accelerated and beam energy increases, the normalized 
emittance remains constant. There is a Gaussian spread in angles with rms value 8 
resulting in an exponential distribution of phase veloci ties. The standard deviation in e 
is 0"0 = 4n Nilfll(1 ... 1(2) As with 0" 13 . when O"e is equal to or greater than n . electron 
bunching is impaired. 
F. HIGH-CURRENT HIGH-GAIN FEL 
In high current. high gain FELs j :> n. the magnitude of the optical field changes 
significantly over a single pass of the electrons through the undulator. This is evident 
in the wave equation, Eq. 2.49. As we did in the low gain FEl, assume a perfect 
quality beam operating on resonance. Vo - O. From the pendulum and wave 
equations, the optical field grows exponentially for large j as it travels down the 
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undulator [3] 
and the phase evolves as: 
The FEL gain for large j is 
G(,):= ie(2) ,fl.,Ji<l2 . 
For an electron beam that is off resonance, the single pass gain is 





where 'B '" (2/j)'i3 is the bunching lime. The peak gain will occur slightly above 
resonance. The phase velocity has now become a function of current. As j --t oc the 
gain spectrum becomes symmetric centered at resonance. 
The gain bandwidth is dVo:= 2jlfJ. The bandNidth for a low gain FEL is 
dVo := n;/2 . It is evident that the bandwidth for the high gain case can be much larger 
than that for the low gain FEl. 
G. THE KLYSTRON UNDULATOR 
The purpose of a "dispersive section" in a klystron undulator is to increase 
optical gain in a weak optical field. There are three major sections to a klystron 
undulator. The undulator that was described earlier is divided into two sections 
separated by a "drift section" or a "dispersive section" , The first section of the 
undulator is called the "modulator". It develops the phase velocity differences to 
prepare the electrons for bunching. The next portion is either a drift section, i.e. an 
open section that allows the electrons to continue their bunching without interaction 
with an optical field, or a dispersive section, made up of magnets thai force the 
electrons far off resonance. The final section of the undulator is called the "radiator". 
where the electrons and the optical field interact and create the coherent optical beam 
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Mathematically, there is no difference between the use of a drift section or a 
dispersive section [3]. The drift section requires a large distance over which the 
electrons travel with no optical interaction. This is easily achieved, but can possibly 
double the length of the undulator, or even larger. A dispersive section forces the 
electrons off centerline in an are, and allows for the use of a shoner undulator. The 
strength of ei ther type of system is given by the dimensionless drift time 0 , where 0 
can be determined by the number of undulator periods equivalent to the drift space, 
O =~ , (2.60) 
where Nd is the length of the drift space in undutator periods 
While the etectrons are traveling in the modulator and radiator the equations 
governing their motion are still Eq. 2.16 and 2.49. While in the dispersive or drift 
section there is 00 electron-optical wave interaction. The only change in electron 
phase is caused by the constant phase velocity, v; therefore, the change in phase 
velocity is .6.v = 0, so .6.t .. vO is the only change in electron phase. The electrons 
then will bunch without any interaction from the optical field, and the optical field 
strength will not grow. 




It is apparent that the maximum gain is about jO /4 when Vo" rt/2D. It is also 
apparent that with low j, the addition of a klystron enhances gain. The spread in initiat 
phase velocity is cri tical. The natural gain ban<t.vidth becomes narrower, dictating that 
beam quality improve, The spread in initial phase velocity should be kept to 
Avo :::; re,D , which is smaller than that required for a regular undulator. The stronger 
the dispersive section, the greater the need for increased beam quality. 
Rgures 2-4a and 2-4b are the optical gain spectra for a klw-current (j 0: I), 
weak-field (80'" 1), FEL without a klystron and with a klystron, 0 = 2. Along with the 
narrowing of the natural bandwidth, gain is significantly improved by addition of a drift 
section or dispersive section . 
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Figures 2-Sa and 2-5b are the optical gain spectra for a high-current (j ~ 100). 
weak-f ield (a o " 1) FEL without a klystron and with a klystron of magnitude D '" 2. 
The natural bandwidth is increased and gain is significantly improved with the use of a 
klystron undulator even in a high-current FEL. The size of D for a high·current FEL is 
significantly smaller than that for a low-current FEL. 
- -========;==:ii..====='-----, 0 .1]5 
_____ ~ _ "---_____ ~c' -" .135 
Figure 2-4a. Low-current, weak-field FEL gain speclJum, wilhout dispersive section. 
Figure 2-4b. Low·current, weak-field FEL gain spectrum, with dispersive sec1ion. 
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Figure 2-5a. High-current, weak-field FEL gain spectrum, without dspersive section 
j :l00 ao=l D=2 
••• • Gain CU~. •••• ] 
I 765 . 4 
---- ----10---- - ~-765.4 
12 
Figure 2-Sb. High-current, weak-fiekt FEl gain spectrum, with dispersive section. 
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III. SLAC X RAY FREE ELECTRON LASER 
A. INTRODUCTION 
Research in the area of high power FEl's is important 10 the military lor Ihe 
development of missile delense. The research and development thai is being 
performed at SLAG is in Ihe high peak power (GeV) FEL regime. By developing hard 
X fay laser ~gh l at a wavelenglh of 1.5'&', imaging of DNA base-pairs may be 
accomplished 17J. The FEL is the besl possible source for an X ray laser 
The SLAG project proposes to develop coherent hard X ray radiation al 
wavelengths as short as 1.5 A. II will use a single pass of an electron boom through 
an undulalor with no initial optical fie ld. The optical field will be started trom noise 
using a process called Self-Amplified Spontaneous Emission (SASE). There are no 
mirrors for fee<llack of the optical beam. The electron beam makes a single pass 
through the undulator creating a cone of fight in the direction of the electron beam's 
path. The only interaction between the electron beam and the optical fie ld happens 
during this single pass. Figure 3-1 is a diagram of the system proposed by SLAC. It 
combines the use 01 the SLAG linear accelerator (liMC) with an undulalor to produce 
the coherent X ray light The mirror merely directs the light beam at grazing angles. 
Figure 3-1. Schematic of the SLAG linae diving a coherent X ray FEL. 
The system design would incorporate a section of the SLAG linac accelerating 
the electron beam to an energy of ymc2 - 15 GeV with peak current of I '"' 5000 A. 
Table 3-1 contains the design parameters for two systems that would produce either a 
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4.5 A or 1.5 A Jaser beam [8]. 
PARAMETERS A B 
" (Radiation Wavelength) 1.5 A 4.5 A 
"-0 (Undulator period) 2.67 cm 4.0 cm 
B (Peak undulator field) 1.173 T 1.66 T 
Undulator type Helical Linear 
K Undulator parameter (peak) 3.4 4.2 
ymc2 (Electron energy) 15 GeV 15 GeV 
I (peak current) 5000 A 
I 
5000 A 
Ay/y (Energy spread) 0.0002 0.0002 
I 
L (Undulator length) 25m 38 m 
Output power 11 GW 66 GW 
Table 3-1. Proposed parameters fOf an X ray FEL at SLAG. 
The dimensionless current for 1=5000 A is j = 2056 for the 4.5 'A. laser and 
j = 3121 tor the 1.5 A laser. As mentioned earlier, the dimensionless current 
determines the response of the optical wave to the electron beam bunching. The gain 
of the system, because of the high j, is in the high-gain regime. Figure 3-2 is a 
phase-space plot fOf the 4.5 A system and figure 3-3 is fOf the 1.5 A system. Each 
simulation is started from an optical field 80 = 0 and the electrons are all started with 
random initial phase C between -n/2 and 3nJ2. The simulations ran with an undulator 
length of L "" 35 m. A filling factor F = 0.1 was used, where the filling factor is the 
ratio of the area of the electron beam to the optical beam. The electron beam radius 
rb = 0 .0015 cm. The initial electron phase velocity has a standard deviation of 
ClO .. 2.2 and 4.2. where Oc ",4n:NtJ.y/y. The average initial phase velocity is centered 
around vo'" O. The electrons , in both scenarios, have bunched and are on the 
bottom-half in the separabix at the end of the undulator, "t = 1. The electrons have 
given energy to the optical field. The phase-space simulations indicate the production 
of an X-ray beam with saturation of the system at undulator lengths of 34 and 35 
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meters , respectively. The logarithmic power evolution shown in the upper right-hand 
corners of each figure indicate the systems have reached saturation. The peak power 
achieved lor the 4.5 'A is appro)(imately 66 GW and lor the 1.5 'A it is appro)(imately 11 
GW 
Figure 3-2. Phase-space plot for 4.5 'A system 
1",·-'---15 ~o 
~: 
311/2 0 1 
Figure 3-3. Phase·space plot for 1.5 A system 
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In either scenario, the proposed parameters would create a hard X ray FEL as 
indicaled by the phase-space simulations. A large portion of the FEL cost is in the 
production of the undulator; reducing the length of the undulator reduces the FEl cost. 
A method of reducing the length of the undulator is by introducing a dispersive section 
in the undulator to make an FEL klystron. A penally resulting from the klystron design 
is the onset of saturation at weaker lields than without the klystron 19]. 
B. KLYSTRONS AND HIGH-CURRENT HIGH-POWER FEL 
An FEL with an optical wavelength of iI. ,. 40 A was proposed using the SLAC 
linac as an electron beam source {10]. Table 3-2 gives the original proposed 
parameters for the optical wavelength of iI. ,. 40 A. The system required an undulator 
with a length of 60 meters. The phase-space plot in Rg . 3-4 shows a simulation of a 
soft X-ray FEL at 40 A using the parameters in Table 3-2, an initial radiation field 
ao ., 0, and a phase velocity spread of standard deviation 0 G .. 3.6 centered around 
Yo"" O. 
PARAMETERS VALUE 
J.. (Radiation Wavelength) 40 ~ 
Ao (Undulator period ) 8.3 cm 
K (Undulator parameter) 42 
UndulatOf type Unear 
10" (Normalized rms emittance) 3.0 mm-mrad 
ymc 2 (Electron energy) 7.0 GeV 
I (Peak current) 2500 A 
Energy spread 0.0004 
L (Undulator length) 60 m 
Output power 28GW 
Table 3-2. Proposed parameters lor a A '" 40 A X ray FEL at SLAC. 
(Without dispersive section) 
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Rgure 3-4. Phase-space plot lor 40 'A system. 
(Without dispersive section) 
The optical field grows from noise as a result of interaction with 200,000 
electrons randomly positioned in the initial electron phase. The dimensionless current 
i = 4000 corresponds to a CUrTent I", 2500 A. Notice, at the end 01 the undulator, 
'1 _ 1, the electrons have already reached saturation as shown in the power plot in the 
upper right diagram. Having gone through one complete transversal inside the 
separatrix, the bunched electrons are near the oo\lom of the separatrix, for a second 
time, where maximum energy transfer to the optical beam occurs. When the electrons 
are bunched at the upper half of the separatrix the electron beam has taken back 
energy from the optical beam as indicated by the drop of the optical power aher the 
onset of saturation. Reducing the undulator length to approximately 40 m, at the onset 
of saturation, wi ll result in peak power at the end of the undulator. The majority 01 
electrons will be at the oottom 01 the separatrix and the electrons will have given up 
the maximum energy possibll'! to the optical beam. By reducing thl'! length of the 
undulator we reduce the dimensionless current, j '"" 8rt2e2pNK2L 2FI-.j3mc2. With an 
undulator length 01 40 m. the limensionless current is i = 2000. Figure 3-5 is the 
phase-space plot for such a system. 
To reduce costs of manutaC1lXing an undulator of such a long length and 
maintaining the same results, a dispersive section can be added to an undulator, thus 
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making a klystron. Table 3-3 lists the proposals for a system that uses a klystron to 
produce a 40 A FEL [11]. 
--------~ 
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Figure 3-5. Phase-space plot lor 40 a. system, undulator length of 40 m 
The FEL design at A. '" 40 'A with a klystron has an undulator length of L = 17 
meters, electron beam energy of 5 GaV, and a peak current of 5000 A, which 
corresponds to a dimensionless current density of j = 932. This FEL was examined 
without a klystron and then with a klystron. 
The case without the klystron is shown in Fig_ 3-6. The electron bunch is at a 
phase where it gives energy to the optical field al the end of the undulator. The 
dimensionless power P corresponds to a peak power of 15 GW. In Fig . 3-7, the use 
of the klystron FEL with the same parameters and D - 0.5 shows that electrons have 
bunched in the lower halt of the separalrix and at the optimal phase relation ~ + " "'- 'It 
for maximum gain. The peak power calculated lor the klystron FEL is 31 GW. While 
not shown, saturation will occur earlier with the use of a dispersive section than 
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Table 3-3 . Proposed parameters for a}.. : 40 A X r~y FEL, 
(With dispersive section). 
+.+ TEL Phaso Spacg Evol ution ~~ 
j " 932 Ao"'O "0",0 N:~ 
"I~v~~ r::J:' 
J/~~ .  ~~: 
-Tt / 2 ~ 3n/2 0 1 
Figure 3·6. Phase-space plot for 40 A X fay FEL, 
(Without dispersive section). 
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To generalize Ihe opticallield in Ihe longitudinal direction, several siles along Ihe 
complex wave envelope, a(z), are lollowed. The lenglh in Ihe z direclion is scaled \0 
the slippage distance N>", the distance the electron pulse slips back relative to the 
oplical pulse over one pass Ihrough the undulator. This is Ihe distance over which the 
optical field and the electron beam interac\. All longitudinal distances are normalized 
to Ihis slippage distance so that z/N>.. ~ z. This then gives 
j=932 ao=O vo=O N=413 
*** FEL Phase Space Evolution -;-.~ J 
SOf-~ . -- >::.>.~._. -_ ..•. ~.. l l lni~~I"j" 
> ~/:. . ,~~, ~o ~::.>~~_ '.:... ~n 
o 
-soL_ __ _ _____ I 
-n/2 3n/2 0 
Figure 3-7 Phase-space plot for 40 'A X ray FEL, 
(With dispersive section) . 
a ~ a(z), v -+ viz), and ~ -+ ~(z) over a number 01 sites. The pendulum and wave 




where the Iongitudnal field sites z refer to a position in the optical field envelope 
When the electrons pass through the undulator they exchange information wilh the 
optical wave envelope in a range of sites. The optical light traveling at speBd c , 
remains fixed in z The slower electrons slip back to site z - "t. Those electrons at 
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site z interact with a range of sites in the optical wave envelope. The electrons then 
pass information from one site to another. 
Longitudinal mu ltimode simulations shown in Fig. 3-8 and 3-9 using the same 
parameters as in Fig. 3.7 and 3.8, study the coherence development of the optical 
field. At lhe bottom-lett of each simulation we see the gain over the undulator length . 
The bottom-middle is the single-mode gain spectrum as a function of frequency 
centered around resonance. The bottom right is the evolution of power developed 
through the undulator length. measured in a dimensionless power, correspondi ng to 
tens of GW. The middle-lett plot is the growth in the optical field amplitude over two 
s~ppage distances in length. -1 <: z <: 1. The middle and top-middle show the 
evolution of the power spectrum. The triangle tick mark incicates resonance, v = 0 
and the rectangle tickmark indicates v of the electron beam at the end of the 
undulator. In the klystron undulator, the final power is much higher. The mi<k:fle-right 
and top-right frames show the development of the electron phase velocity distribution. 
There is a decrease in the average electron phase velocity which corresponds to 
energy given up to the optical field. In the FEL without a klystron. linle energy is given 
up to the optical beam, while the system with a klystron gives up significantly more 
energy. The simulation without a klystron and before saturation resulted in an X-ray 
li newictth of 6'AJA. ::: 0.1%, where tiNA. "" !J.yf2nN and N is the number of periods in the 
undulator. Adding a dispersive section does not change the linewidlh. There is no 
degradation to the quality of the optical beam. 
In these systems the standard deviation of phase velocity was a G = 1.04. As the 
standard deviation of the phase velocity inaeases it makes it difficult for the electrons 
to bunch. Tin phase velocity, aG ' must be considered when using a klystron FEL 
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Figure 3-8 Longitudinal mulli-mode simulation for 40 'A X ray FEL, 
(Without dispersive section). 
Figure 3-9. Longitudinal multi-mode simulation for 40 'A X ray FEL, 
(With dispersive section) . 
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C. PHASE VELOCITY SPREADS AND KLYSTRONS 
As mentioned in Section II.E. lor a change in initial energy t..ymc2 , there is a 
corresponding change in electron phase velocity, D.v;:: 4nNt..y!y. in which Ihe Gaussian 
distribution of energies wi th an rms spread, D.yly, characterizes the standard deviation 
00 = 4nNt..y/y. When 00 ;:: n, bunching becomes impaired. The use of a klystron to 
bunch the electrons may not have a positive effect if the electron energy spread is so 
large that the modulator cannot develop the phase velocity differences to prepare the 
electrons for bunching . Figures 3·10a, 3-1 ~b , 3-1Oc, and 3-10d are plots on how the 
standard deviation in energy spread can eHect the use of a klystron undulator at three 
different dimensionless curren!. 
Figures 3-10a, 3-1 ~b , and 3-10c show what happens with various energy 
spreads on high-current systems (j '" 1 0000, i = 2200, and 1 '" 500). Figure 3-1Od is 
the plot for low-current system (j _ 1). 
In alt four figures you can see as the energy spread. 0G , increases, the overall 
gain of the system decreases. By using a klystron undulator it is hoped to increase 
the gain by at least double the magnitude compared to the case where a ktystron was 
not used. With a high 0G . it is apparent from the figures that a klystron will not 
produce a gain Significant enough to warrant its use. The use of a klystron at the high 
00 (2.0 and 3.14) may even cause a decrease in gain. In the monoenergetic beam 
(oG .. 0.0), there is no limit to the strength of the dispersive section or to the gain of 
the system; but, this is unrealistic. The plots indicate that a moderate spread, 
0.0 < 0G < 1.5, can be compensated fOf in a klystron and provide a significant gain 
that would warrant its use_ The magnitude of 0 is critical though. If 0 is to large it 
may have a negative eHeet and cause the system to decrease in gain_ It is also 
shown that as the dimensionless current is increased the critical size of 0 also 
increases. A lower j can mean a lower 0, the distance for the electrons to travel to 
bunch adequately is smaller in the lower energetic beam. 
It was noted that for the 4,5 A and the 1_5 A Lasers that SLAC has proposed the 
initial electron phase velocity has a standard deviation of 0G = 2.2 and 4.2. The 
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Figure 3·l0a. Gain VS. 0 plots lor dimensionless current j '" 10000. 
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Figure 3-10b. Gain vs. D plots for dimensionless currenl j _ 2200. 
37 
GAIN / D 
380 

















0G - 1. 0 





0 . 0 0 .2 O . , o. (, 0.8 1.0 1.2 1.4 
Figure 3-10c. Gain vs. 0 plo1s lor dimensionless currenl j '" 500. 
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Figure 3-1Od. Gain vs. D plots for dimensionless current j _ 1. 
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D, 1.5 A FEL WITH A KLYSTRON 
The use of a dispersive section to shorten the length of a high power FEL such 
as proposed at SLAG would reduce the cost of the system. The linac is already in 
place, therefore the cost to build the FEL is largely in the manufacturing of an 
undulator. Shortening the undulator would reduce its cost significantly since the 
manufacturing ofundulator sections is large. 
To achieve significant gain in the 1.5 'A FEL, the strength of a dispersive section 
for j == 3121 and Cl G "" 4.2 is esti mated to be 0.2 from Fig. 3-10b. With high current. 
the maximum gain of an FEL is obtained when Vo is slightly off resonance. When 
adding a dispersive section to the undulator, the maximum gain is shifted to a higher 
value of Va, where vo ;:; n/2D . The optimum for this system is found to be Vo z 4.0. 
Figure 3-11 is the phase-space plot for a 1.5 'A FEL with a length of 30 m, a 
dispersive strength of 0 - 0.2. j == 2170, CIa == 3.8, and Vo == 4. The length of the FEL 
was shortened from 35 m to 30 m which in tum lowered j and CIa . The phase-space 
plot shows the system saturating at the end of the undulator. The peak power out is 
14 GW, which is slightly higher than the simulation run without a dispersive section 
All indications show that a dispersive section can be effective in shortening the length 
of the undulator and increasing gain 
In order to examine the coherence development, we look at a longitudinal multi-
mode simulation in Rg. 3-12. We can see in the middle window a narrow spike 
indicating a narrow band width of 11AI"A == .1%, which indicates good coherence 
development. The right window shows an average decrease in electron phase velocity 
which corresponds to the electrons giving up energy to the optical beam, creating high 
optical power. 
All the simulations that were run show that a dispersive section may have a 
positive affect in shortening the length of the undulalOr. The use of a dispersive 
section may decrease the cost of the FEL 10 be built by SLAG. 
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Figure 3·1 1. Phase-space plot for 1.5 A system, undulalor length of 30 m 
(With dispersive section) 
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Figure 3·12. Longitudinal multi·mode simulation for 1.5 A X ray FEL, 




The theory thai has been presented is not limited to X ray FELs, but 10 all FELs 
The Free Electron Laser has many uses in the military and industrial applications; 
ranging from high-power, speed-ol-light self-defense weapon systems to DNA-pair 
imaging. The ability of an FEL to be tunable allows it to overcome limitations that 
other high powered lasers face, such as atmospheric effects. The FEL as a self 
defense weapon system does nol require replenishment from a limited magazine. The 
FEL is a system thai is needed in the present day military to overcome conditions thai 
have outgrown systems now in use, There is a need for the United States to be the 
leader in laser technology to ensure its capability to improve world oondilions 
The proposed SLAG X-ray FEL, which will corns on-line in the near future, will be 
the first coherent X ray light source. The acquired technology is not limited to the 
SLAG proposal. but can be used to develop other types of high powered FELs . An 
injector system now under development for the SLAG linac will enable it to produce a 
4.5 $.. or 1.5 $.. FEL. 
The use 01 a dispersive section will aid in shortening the length of the undulator 
A significant part of the cast to build the FEL at SLAG is manufacturing the undulator. 
so shortening of the undulator is economically important However, beam quali ty must 
be high in order to use a dispersive section_ So the cost of improving the injected 
electron beam quality must be considered in the decision to use a klystron undulator. 
The better the quality of the electron beam the greater the positive affects a disperSive 
section may have an increasing gain and shortening the overall length of the system 
Finally, we have presented simulation results to show that use of dispersive 
sections is a possible and potential cost-saving option. Further investigation in the use 
of dspersive sections an high-gai n FELs is required. For example, positioning the 
dispersive section along the undulator to optimize its effects may be studied. 
43 
44 
LIST OF REFERENCES 
N. Bloembergen, and others. "Report to the American Physical Society of the 
Study Group on Science and Technology of Directed Energy Weapons". Reviews 
of Modern Physics, v.59, NO.3, Part II, July 1987 
2. W.B. Colson, C. Pellegrini, A. Renieri and J.M.J. Madey, "Introduction To Free 
Electron Lasers," Chapter 1 in Free Electron Laser Handbook. WB. Golson, G 
Pellegrini and A. Renieri (eds.), North-Holland Physics. Elsevier Science 
Publishing Co . Inc., The Netherlands, 1990. 
W.B. Colson, "Classical Free Electron Laser Theory," Chapter 5 in Free Electron 
Laser Handbook, W.B. Colson, C. Pellegrini and A. Renieri (ads.), North-Holland 
Physics. Elsevier Science Publishing Co. Inc_. The Netherlands, 1990. 
4. WB. Golson, "Free Electron Laser Theory". Ph .D. Dissertation, Stanford 
University, September 1977. 
5. W. B. Colson and A.M. Sessler. "" Free Electron Lasers", Annual Reviews of 
Nuclear and Particle Science. v.35,pp. 25-54,1985. 
W. B. Colson, J.C. Gallardo. and P.M. Bosco, "Free-Electron-Laser Gain 
Degradation and Electron-Beam Quality", Physical Review Letters, A34. No.6,pp. 
4875-4881 , December 1986. 
7. "Workshop on Scientific Applications of Short Wavelength Coherent Light 
Sources" ,SLAC-414, SLAC/SSRL-0007, CONF-921 0278 . 1993 
8. . Notss on LCLS Technical Group Meeting", SLAClSSRL-Ol , July 27,1994 
9. G.H. Winter. J. Hall, R.K. Wong and W.B. Colson, "Simulations of a Klystron 
Undulator for the SLAC X-ray FEL", Nuclear Instruments and Methods in Physics 
Research, A358, pp. 68-69, 1995. 
10. C. Pellegrini, et aI. , "A 2 to 4 nm Power FEL on the SLAC LlNAC", Nuclear 
Instruments and Methods, A331, pp. 223-227,1993. 
11. Joseph Bany Hall. Simulations of an FEL Producing Coherent X Rays Utilizing 




INITIAL DISTRIBUTION LIST 
1. Defense Technical Information Center 
Cameron Station 
Alexanckia. Virginia 22304-6145 
2. Ubmry. Code 52 
Naval Postgraduate School 
Manlel'ey, California 93943·51 01 
3. Professor William B. Colson, Code PH/Cw 
Chairman, Department 01 Physics 
Naval Postgraduate School 
Monterey, California 93943-5000 
4. Professor Robert L. Armstead. Code PH/Ar 
Department of Physics 
Naval Postgraduate School 
Monterey. Calilornia 93943-5000 
5. Professor Claucio Pellegrini, 
Department of Physics 
UCLA 
Los Angeles. California 90024-1547 
6. Professor Herman Winick, 
Department of Physics 
SSAL 
PO Box 4349 MS 69 
Stanford, California 94309 
47 

l 1 .'( 
, ' ''":lCO: 
~ 1 
( 
[11~1[11llTI~ilillfili[illl[l 
32768003174848 
